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We study the properties of the Cabibbo suppressed quasielastic production of Λ and Σ hyperons
in antineutrino interactions with nuclei, including the effects of modified form factor axial mass,
the second class current and SU(3) flavour violations. The hyperon and nucleon are subjected to
the nuclear potential and the outgoing hyperon can undergo final state interactions. The hyperon
potential has a significant effect on their production through absorption. We predict a significant
enhancement of Λ production compared with other hyperon production channels through Σ → Λ
conversions. We produce predictions for several experiments by combining realistic neutrino energy
distributions with suitable nuclear targets.
I. INTRODUCTION
In this paper we discuss the weak production of the
four hyperons Λ,Σ±,0 belonging to the JP = 1/2+
baryon octet, three of which are produced directly in in-
teractions between antineutrinos and nucleons:
ν̄l + p→ Λ + l+ (1)
ν̄l + p→ Σ0 + l+ (2)
ν̄l + n→ Σ− + l+ (3)
The Σ+ is produced by reinteraction of the initial hy-
peron inside the nucleus. A generic hyperon production
process is notated as ν̄l + N → Y + l+. Fewer than
100 events of this type have been observed so far [1–6]
and the parameters of the theoretical models are not well
constrained by data as a result. Instead, symmetry argu-
ments such as the SU(3) quark flavour model are invoked
to get the parameters from the better understood charged
current quasielastic (CCQE) process:
ν̄l + n→ p+ l+. (4)
Future experiments such as the Short Baseline Near
Detector (SBND) and the Deep Underground Neutrino
Experiment (DUNE) will be able to observe far larger
numbers of hyperon production events, with 12,500 pre-
dicted for SBND over 3 years of running [7]. With these
statistics it will be possible to test various hypotheses
in hadronic physics, such as the validity of the underly-
ing symmetries in hadron production. Hyperons are of
similar mass to nucleons however they are not subjected
to the same nuclear effects, making them unique nuclear
probes.
In this work we explore the effects of including SU(3)
symmetry breaking corrections, G parity and time re-
versal violations (second class currents). The absence of
second class currents was first postulated by Weinberg [8]
and implies a connection between isospin and weak inter-
actions. The effects of the nuclear potential are studied
through the inclusion of nucleon-nucleus and hyperon-
nucleus potentials and an intranuclear cascade.
We implemented the model in the NuWro Monte Carlo
generator [9] as a new process which represents an ad-
vancement to the simulation of hyperon production com-
pared to other generators that use a model from Pais [10].
The NuWro generator allows for detailed analysis of how
the nuclear effects and final state interactions alter the
kinematics of the final state hyperons.
This work is organised as follows: Section II details
the cross section calculation, including the second class
current and symmetry breaking corrections. Section III
describes the intranuclear cascade used to model reinter-
actions between the hyperon and nuclear remnant. Com-
parisons between data and predicted cross sections for
hyperon production from free nucleons are presented in
section IV. Nuclear effects are studied in section V, such
as the influence of the hyperon potential on differential
cross sections. Realistic fluxes are combined with nu-
clear targets in section VI to explore different observable
quantities and their sensitivity to features of the hyperon
production model.
II. THEORY
A. Cross Section Model
The general expression for the differential cross section











The reaction takes place on a bound nucleon. We
adopt the following notation: Eν is the energy of the
neutrino in the nucleon rest frame and MN is the mass
of the target nucleon. The interaction involves a bound
nucleon and a hyperon interacting with a potential and
this is accounted for in how the kinematics of the par-
ticles are calculated. This is performed using effective
masses, M∗X , related to free mass MX , the momentum
pX and potential energy V by:
M∗X =
√(√
M2X + |pX |2 − V
)2
− |pX |2 (6)
For nucleons this potential is the nuclear binding en-
ergy and for hyperons the potential described in section
IID. The effective masses are used in place of the real
masses when determining the kinematics of outgoing par-
ticles. Leptons are not subjected to any nuclear effects
in this work.
Working in the center of mass frame, we denote the
energy of the neutrino and 3 momenta of the outgoing
charged lepton as Eν and kl respectively. When the scat-
tering angle in this frame is θ the squared 4 momentum
transfer Q2 = −q2 = (k − kl)2 is:
Q2 = 2Eν
√
m2l + |kl|2 −m
2
l − 2Eν |kl| cos θ (7)
Lµν and Hµν are the leptonic and hadronic tensors,
constructed by summing/averaging the hadronic and lep-









Lµν = Tr [γµ(1 + γ5)/kγν(1 + γ5)( /kl −ml)] (9)
The leptonic current is described by V-A theory [12].
To account for the composite structure of the nucleon
the hadronic current involves six Dirac operators, the
effective couplings of which are described by a set of di-
mensionless form factors:
Γµ = V µ −Aµ (10)






















Where M = MN + MY , the sum of the masses of the
nucleon and hyperon.
B. Form Factors
The approach for obtaining the form factors is the one
described in [11], briefly summarised:




2. Conservation of vector current (CVC) requires
f3(Q
2) = 0.
3. G parity invariance leads to f3(Q
2) = 0 and
g2(Q
2) = 0. This pair of form factors describe the
coupling of the second class current (SCC).
4. The remaining form factors are obtained in terms
of their counterparts in strangeness conserving
quasielastic scattering using the SU(3) symmetry
and partially conserved axial current (PCAC).
The form factors fp,n1,2 are expressed in terms of the nu-
cleon electric and magnetic form factors, Gp,nE,M for which
the BBBA05 parameterisation [13] has been used. The























The pseudoscalar form factor g3 is derived using PCAC







mK = 0.498 GeV is the K














fp2 − 1√6 (1 + 2x) gA
















2 ) (1− 2x) gA
TABLE I. List of form factors. The quasielastic axial form
factor gA satisfies gA(0) = 1.2673 described by a dipole of
axial mass MA and x = 0.365. Unless otherwise specified we
use MA = 1 GeV.
Comparison of the form factors for p → Σ0 and










An equality if Mn = Mp and MΣ0 = MΣ− .
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C. Second Class Current and Symmetry Breaking
Effects
The vector and axial currents of the standard model
transform under G parity the following way:
GV µG−1 = V µ (17)
GAµG−1 = −Aµ (18)
Current operators that transform according to these
rules are the so called first class currents. In equations 9-
11, the operators associated with f1, f2, g1 and g3 trans-
form this way, whilst those associated with f3 and g2 do
not, these are the second class currents.
The scalar interaction controlled by f3 is also forbidden
by CVC and is not considered in this work. Here we
consider the reintroduction of the pseudotensor current,









The relations between this form factor and its counter-
parts in hyperon production are the same as those for g1
shown in table 1. We will explore the effects of a nonzero
“pseudotensor charge”, g2(0), allowing it to have real and
imaginary (time reversal violating) values.
SU(3) quark flavour symmetry violations are imple-






The values of the coefficients a and b are calculated
from a relativistic quark model by Schlumpf [15] and are
listed in table II.
Process a b
p→ Λ 0.976 1.072
p→ Σ0 0.975 1.051
n→ Σ− 0.975 1.056
TABLE II. Symmetry breaking corrections from [15].
D. Hyperon Potential
The initial nucleon energy is modified by binding en-
ergy calculated from one of several models described in
[16]. It is consistent with [17] to include a potential for
the outgoing hyperon of the form:
V (r) = −αρ(r)
ρ(0)
(22)
Where α = 30 MeV and ρ(r) is the density of nuclear
matter at a distance r from the centre of the nucleus [18].
We use the following sign convention: α > 0 is an attrac-
tive potential, α < 0 is a repulsive potential.
In NuWro, this potential is incorporated into the in-
tranuclear cascade in the following way: When the hy-
peron is initially inserted into the cascade, its total en-
ergy is increased by the value of the hyperon nucleus po-
tential at that position, V0 and its momentum adjusted
accordingly to propagate it on shell. To accommodate
repulsive potentials (in which some energy is subtracted
during this procedure), an additional check is made to en-
sure the hyperon can be moved into the potential while
generating the primary interaction kinematics, the pro-
cess is forbidden by the kinematics if not. At the end
of every propagation step, the hyperon’s kinetic energy
Ek is compared with V0, if Ek < V0, the hyperon is said
to have been reabsorbed by the nucleus and propagation
is ceased. At the end of the propagation process, V0 is
subtracted back off the total energy of the hyperon.
If a secondary interaction occurs in which the hyperon
switches families, ie from a Λ to a Σ or vice versa, the hy-
peron is moved to the new potential: First the kinetic en-
ergy of the new hyperon is compared with the difference
in the potentials and if Ek < Vold − Vnew this secondary
interaction is ignored. Then the difference between the
two potentials is subtracted from the new hyperon’s en-
ergy and its momentum adjusted to continue propagating
it on shell. This respects overall energy conservation.
III. INTRANUCLEAR CASCADE
Once produced the hyperon has to be propagated
through the nucleus and can rescatter off nucleons mod-
ifying the final state. The approach employed by
NuWro to model this process is described in detail in
Refs. [19, 20]. A brief outline of the algorithm for prop-
agating a particle is as follows:
1. If the particle is not a nucleon, pion or hyperon, it
exits the nucleus without interacting.
2. Compute the mean free path λ of the particle in
the nucleus. Generate a step length L for the par-
ticle from this mean free path using L = −λ ln ξ
where ξ ∈ [0, 1] is a uniformly distributed random
number.
3. The particle is propagated by a distance d =
min(L, 0.2 fm). This procedure accounts for the
fact that L depends on nuclear density and is cal-
culated locally. If L > 0.2 fm the particle is moved
by a distance 0.2 fm along its momentum vector
and step 2. is repeated.
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4. If d < 0.2 fm and particle is not outside nucleus
an interaction is generated. A reaction is selected
by MC method, comparing the cross sections of
different reactions. The reaction is only simulated
if final states of any nucleons are not Pauli blocked.
This cascade requires in medium hyperon-nucleon
cross sections. In this paper the fits to free hyperon-
nucleon data from [21] are used for total cross sections.
The differential cross sections have been assigned the
same distributions as NN scattering processes with cor-
responding electric charges. For example:
dσ
dΩ
(pΛ→ pΛ) ∼ dσ
dΩ
(pn→ pn) (23)
In cases where no similar process in the NN sector
exists (e.g. for Σ− rescatterings), the outgoing particles
are scattered isotropically in the CMS frame. The argu-
ments justifying this assumption are that the underlying
physics responsible for the interactions, the strong force,
is the same and the energy is small enough that any dif-
ferences in the internal structure of the particles, i.e. the
parton distributions, are negligible. The differential cross





A cos4 θ +B cos3 θ + 1
)
, (24)
where K is a normalisation constant, while A and B
are fitted parameters dependant on the hyperon kinetic
energy and θ is the scattering angle in the CMS frame.
IV. FREE NUCLEON CASE
A. Total Cross Sections
We study the sensitivity of the hyperon cross section to
the previously described second class current and SU(3)
symmetry violations, and variations in the axial mass. In
figures 1-4 we compare the total cross section prediction
for Λ production from free nucleons using muon antineu-
trinos of energies up to 15 GeV, covering the full range
of energies used by the experimental fluxes studied in
section VI excluding the one used by the Neutrino Oscil-
lation Magnetic Detector (NOMAD) experiment [23].
A large range of hyperon axial masses are shown, con-
sistent with the spread of measurements of the CCQE
axial mass from past experiments [3, 24]. The resulting
predictions are comfortably within the error bars of the
existing hyperon production data. The relative change
in the cross section with respect to the default model
(MA = 1.0 GeV, no SCC or SU(3)V) is shown in the
bottom panels of figures 1-4 for these axial masses and
SCC/SU(3)V configurations. Comparing these curves in
figures 1 and 2 indicates much larger cross section varia-
tions are produced by the changes to axial mass; if this
parameter is poorly constrained the second class current
and symmetry breaking effects may be difficult to mea-
sure. These effects are greatest for large neutrino ener-
gies, above 5 GeV, larger those produced by the Booster
neutrino [25] and NOvA beams [26] but within the reach
of future experiments such as DUNE [27].
The predictions for Σ0 production are compared to
data in figures 3 and 4. The axial mass affects this cross
section in a similar way to that of the Λ however the over-
all effect is weaker, a consequence of the smaller SU(3)
coefficient of gA shown in table I. The cross section is
decreased by the symmetry breaking corrections, the op-
posite effect to that seen for the Λ. To explore this further
we consider the ratio:
R =
σ(ν̄l + p→ Λ + l+)
σ(ν̄l + p→ Σ0 + l+) + σ(ν̄l + n→ Σ− + l+)
(25)
The values of this ratio for different SCC/symmetry
breaking configurations are shown in figure 5 with the
relative change shown in the bottom panel. This ratio
increases for all the settings shown for almost the en-
tire energy range and the relative change is roughly con-
stant for neutrino energies above a few GeV, however this
change is not significantly larger than that in the Λ cross
section.
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+µ + Λ → + p µν
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
 = 0.9 GeVAM  = 1.1 GeVAM
FIG. 1. Total cross section for Λ production on free pro-
tons for several axial masses. Bottom shows the ratio of the
cross section for some values of MA to the cross section at
MA = 1 GeV. Data is taken from Ammosov[1] (FNAL Bub-
ble Chamber, pink star), Brunner[5] (SKAT, triangle down),
Erriquez[3, 4] (Gargamelle, red square and black x respec-
tively), Eichten[2] (Gargamelle, triange up) and Fanourakis[6]
(BNL Bubble Chamber, white cross).

























+µ + Λ → + p µν
Default  = 1
2
Re g  = 1
2
Im g
SU(3) V  = 1
2
SU(3) V, Re g  = 1
2
SU(3) V, Im g
FIG. 2. Total cross section for Λ production from free protons
for several configurations compared to experimental data de-
scribed in figure 1. Bottom is the ratio of cross sections to
the nominal (no SCC or SU(3)V).

























+µ + 0Σ → + p µν
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
 = 0.9 GeVAM  = 1.1 GeVAM
FIG. 3. Total cross section for Σ0 production from free pro-
tons for several axial masses. Bottom is the ratio of cross
section for some values of MA to the cross section at MA = 1
GeV.

























+µ + 0Σ → + p µν
Default  = 1
2
Re g  = 1
2
Im g
SU(3) V  = 1
2
SU(3) V, Re g  = 1
2
SU(3) V, Im g
FIG. 4. Total cross section for Σ0 production from free pro-
tons for several configurations compared to experimental data
as described above. Bottom is the ratio of cross sections to
the nominal (no SCC or SU(3)V).
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Default  = 1
2
Re g  = 1
2
Im g
SU(3) V  = 1
2
SU(3) V, Re g  = 1
2
SU(3) V, Im g
FIG. 5. Ratio of Λ to Σ0,− cross sections described by equa-
tion 25.
V. NUCLEAR EFFECTS
A. Differential Cross Sections
To study the effects of FSI we compare the differen-
tial cross sections for production of the different hyperon
species before and after application of the cascade for
three beam energies, shown in figures 6-10. The differ-
ential cross section after FSI, shown as a dashed line, is
calculated from the fraction of hyperon events in which
a hyperon exists in the final state. We study the effect
of FSI on several variables, including Q2 and outgoing
hyperon kinetic energy. Since interactions between the
outgoing lepton and the nucleus are not simulated, the
Q2 of an individual interaction is unmodified, however if
one studies exclusive channel cross sections, the Q2 dis-
tribution changes as a result of hyperon conversions and
absorption.
The presence of the hyperon potential is seen in figure
6 through the quenching of the cross section, which is
strongest in low Q2 events. In this section a local Fermi
gas model is used to describe the initial nucleon state.
Comparison of figures 8 and 9 shows relation (16) is ap-
proximately maintained after final state interactions.
Carbon and argon are common target materials in neu-
trino experiments such as carbon in NOvA and Mini-
BooNE and argon in SBND and DUNE; the inclusive hy-
peron production cross sections for targets are compared
in figure 11. We expect a larger cross section per nucleon
from carbon: This can be understood as the combined
cross sections for Λ and Σ0 from protons are larger than
the cross section for Σ− from neutrons and thus a target
with a greater fraction of mass from protons will yield a
larger cross section per nucleon. The effect of the larger
argon nucleus can be seen through the difference between
the post-FSI differential cross sections, which differ by a
far greater amount than the pre-FSI curves.
 = 0.5 GeVνE  = 1.0 GeVνE  = 2.0 GeVνE
with FSI with FSI with FSI
























 + X+µ Y + → + C µν
FIG. 6. Inclusive hyperon production differential cross section
per nucleon for ν̄µC → Y µ+ + X at three neutrino energies.
X denotes any additional final state particles. Solid lines
show the differential cross section before propagation of the
hyperon through the cascade, dashed lines are after.
 = 0.5 GeVνE  = 1.0 GeVνE  = 2.0 GeVνE
with FSI with FSI with FSI





















 + X+µ + Λ → + C µν
FIG. 7. Differential cross section per nucleon for ν̄µC→ Λµ+
at three neutrino energies.
 = 0.5 GeVνE  = 1.0 GeVνE  = 2.0 GeVνE
with FSI with FSI with FSI






















 + X+µ + 0Σ → + C µν
FIG. 8. Differential cross section per nucleon for ν̄µC→ Σ0µ+
at three neutrino energies.
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 = 0.5 GeVνE  = 1.0 GeVνE  = 2.0 GeVνE
with FSI with FSI with FSI


























 + X+µ + -Σ → + C µν
FIG. 9. Differential cross section per nucleon for ν̄µC →
Σ−µ+ at three neutrino energies.
 = 0.5 GeV, FSIνE  = 1.0 GeV, FSIνE
 = 2.0 GeV, FSIνE























 + X+µ + +Σ → + C µν
FIG. 10. Differential cross section per nucleon for ν̄µC →
Σ+µ+. The Σ+ can only be produced through FSI thus no
pre-FSI (solid) curves are shown.
 = 1.0 GeV, CνE  = 1.0 GeV, ArνE
with FSI with FSI























 + X+µ Y + → + C/Ar µν
FIG. 11. Inclusive differential cross section per nucleon for
using C and Ar as targets.
 = 0.5 GeVνE  = 1.0 GeVνE  = 2.0 GeVνE
with FSI with FSI with FSI
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7














 + X+µ Y + → + C µν
FIG. 12. Ratio of differential cross section for Λ production
to the inclusive differential cross section for several neutrino
energies.
B. Λ Enhancement
Rescattering in this work conserves the total number of
hyperons, but allows them to transform from one type to
another. The cross section fits for interactions between
nucleons and hyperons often contain kinematic factors
that suppress the conversion of Λ into Σ, whilst the in-
verse processes receive an enhancement. This is the most
significant of the nuclear effects.
Comparison of figure 7 with figures 8 and 9 shows the
application of FSI slightly increases the Λ cross section,
while the opposite effect is seen in the Σ channels. To
study this further, we calculate the ratio of the Λ differen-
tial cross section to the inclusive differential cross section,
before and after traversal of the cascade, shown in figure
12. At all of the neutrino energies shown, the fraction of
the cross section due to Λ increases, approaching 1 as the
hyperon kinetic energy increases to its maximum value;
the Λ can be produced with a slightly larger kinetic en-
ergy than the Σ’s.
C. Σ+ Production
Σ+ baryons are produced exclusively through sec-
ondary interactions and their production rate and kine-
matics are expected to be very sensitive to nuclear effects.
Figures 13 and 14 show the kinetic energy spectra of hy-
perons produced at Eν = 0.5 GeV from Ar using three
different nuclear models: A free target in which the nu-
cleons are stationary, a global Fermi gas (GFG) where
the nucleus is modelled as ball of constant density and a
local Fermi gas (LFG) where a realistic density profile is
used [18].
The models produce similarly shaped Σ+ kinetic en-
ergy distributions, with a small difference in the total
cross section between the free target and GFG models. A
significant change in the prediction occurs when switch-
ing to the LFG. The inclusive cross sections in figure 14
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separate at lower energies, when the reinteracting contri-
bution becomes significant.
Free Target, FSI Fermi Gas, FSI
Local Fermi Gas, FSI
0 0.05 0.1 0.15 0.2




















 + X+µ + +Σ → + Ar µν
FIG. 13. Differential cross section with respect to the hyperon
kinetic energy for production of Σ+ from argon at Eν = 0.5
GeV
Free Target, FSI Fermi Gas, FSI
Local Fermi Gas, FSI
0 0.05 0.1 0.15 0.2






















 + X+µ Y + → + Ar µν
FIG. 14. Inclusive differential cross section for hyperon pro-
duction from argon at Eν = 0.5 GeV.
D. Hyperon Nucleus Potentials
There have been attempts to determine the hyperon
nucleus potential using pion-nucleus scattering events in
which a kaon is observed in the final state [28–30]. These
work suggest separate strengths for the Λ and Σ poten-
tials. Here we examine the effects of varying the strengths
of these potentials. The authors of [28] suggest the fol-
lowing range for the Λ nucleus potential for symmetric
nuclei:
αΛ ∈ [25 MeV, 29 MeV] (26)
The Σ nucleus potential is less well constrained. [30]
compares the range of strengths, in combination with
αΛ = 30 MeV, allowing this potential to be strongly re-
pulsive:
αΣ ∈ [10 MeV,−150 MeV] (27)
To study FSI and the response to changing these po-
tentials, figures 15 - 18 show the hyperon kinetic en-
ergy distribution broken down into different contribu-
tions, such as Λ’s propagating through the nucleus with
no reinteraction, Λ’s that underwent intranuclear rescat-
tering but survived, or Σ0 → Λ conversions. The total
differential cross section is shown as a solid black curve.
Figures 15 and 16 show the effect of varying the Λ
nucleus potential within the range allowed in [28]. Figure
15 shows a very small change in the Λ cross section is
observed at low energy (below the level of the potential),
corresponding to approximately a 10% decrease at zero
kinetic energy and only changes the total cross section
by approximately 1%. The change to the Σ0 production
cross section is negligible. The effect of changing the Σ
potential is far more significant.
Figures 17 and 18 display the hyperon kinetic energy
spectrum for five values of the Σ potential, keeping the
Λ potential fixed with α = 30 MeV, similar to the study
presented in [30]. The effect of changing the Σ nu-
cleus potential is most apparent in the Σ− → Λ and
Σ0 → Λ contributions, which translate to higher kinetic
energies and the potential becomes more strongly repul-
sive. Mostly the distribution for hyperons of kinetic en-
ergy above approximately 0.25 GeV is unchanged, but
the modification to the distribution below this level is
significant. There is potential for neutrino experiments
to use these features to constrain this potential if they
are sensitive to hyperons in this range of energies.
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(a)
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 + X+µ + Λ → + C µν
 = 25 MeVΛα
 = 0 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(b)
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 + X+µ + Λ → + C µν
 = 29 MeVΛα
 = 0 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(c)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5






















 + X+µ + Λ → + C µν
 = 25 MeVΛα
 = 30 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(d)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5






















 + X+µ + Λ → + C µν
 = 29 MeVΛα
 = 30 MeVΣα
FIG. 15. Distribution of Λ kinetic energies after FSI for several choices of the hyperon-nucleus potentials. The total differential
cross section is given by the solid black line, which can be broken down into several contributions, shown by the coloured lines.
0ΣTotal , no scatters0Σ → 0Σ 0Σ → Λ
0Σ → -Σ , with scatters0Σ → 0Σ
(a)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
























 + X+µ + 0Σ → + C µν
 = 25 MeVΛα
 = 0 MeVΣα
0ΣTotal , no scatters0Σ → 0Σ 0Σ → Λ
0Σ → -Σ , with scatters0Σ → 0Σ
(b)
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 + X+µ + 0Σ → + C µν
 = 29 MeVΛα
 = 0 MeVΣα
0ΣTotal , no scatters0Σ → 0Σ 0Σ → Λ
0Σ → -Σ , with scatters0Σ → 0Σ
(c)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
























 + X+µ + 0Σ → + C µν
 = 25 MeVΛα
 = 30 MeVΣα
0ΣTotal , no scatters0Σ → 0Σ 0Σ → Λ
0Σ → -Σ , with scatters0Σ → 0Σ
(d)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
























 + X+µ + 0Σ → + C µν
 = 29 MeVΛα
 = 30 MeVΣα
FIG. 16. Distribution of Σ0 kinetic energies after FSI for several choices of the hyperon-nucleus potentials.
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 + X+µ + Λ → + C µν
 = 30 MeVΛα
 = 10 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(b)
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 + X+µ + Λ → + C µν
 = 30 MeVΛα
 = -30 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(c)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5





















 + X+µ + Λ → + C µν
 = 30 MeVΛα
 = -70 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(d)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5





















 + X+µ + Λ → + C µν
 = 30 MeVΛα
 = -110 MeVΣα
ΛTotal , no scattersΛ → Λ Λ → 0Σ
Λ → -Σ , with scattersΛ → Λ
(e)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5





















 + X+µ + Λ → + C µν
 = 30 MeVΛα
 = -150 MeVΣα
FIG. 17. Distribution of Λ kinetic energies after final state interactions for several values of the Σ nucleus potential. The total
differential cross sections are indicated by the solid black line, equal to the sum of the other distributions.
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 + X+µ + 0Σ → + C µν
 = 30 MeVΛα
 = -150 MeVΣα
FIG. 18. Distribution of Σ kinetic energies after final state interactions for several values of the Σ nucleus potential.The total
differential cross sections are indicated by the solid black line, equal to the sum of the other distributions.
VI. REALISTIC FLUXES
A. Choice of Experiments
Real experiments use fluxes with a mixture of neutrino
energies and flavours on a variety of nuclear targets. We
produce predictions for experiments by convolution of
differential cross sections of the form shown above with
neutrino energy distributions. We present predictions for
the experiment-like setups shown in table III.
Beam Target Experiment(s)
Booster (BNB) Ar SBND, MicroBooNE
NuMI C NOvA
DUNE Flux Ar DUNE
NOMAD Flux C NOMAD
NuSTORM C,Ar NuSTORM
TABLE III. List of simulated fluxes, targets and correspond-
ing experiments. Proposals to combine NuSTORM flux with
several detector designs have been made, including various
scintillating targets and argon TPCs. With the exception of
NOMAD, these beams can operate in neutrino mode (for-
ward horn current, FHC) and antineutrino mode (reverse
horn current, RHC) where the flux is dominated by neutri-
nos/antineutrinos respectively.
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We study nuclear effects and variations of axial mass
on several variables using these realistic fluxes and tar-
gets: The Q2 distributions, the hyperon momentum and
lepton kinetic energy, the angle of the charged lepton
with respect to the beam axis, θµ and the opening angle
between the hyperon and lepton. We will concentrate on
the dominant channel, Λ production.
B. Final State Interactions, Axial Mass and
Different Observables
The Q2 distributions for the BNB and DUNE in neu-
trino mode are presented in figures 19 and 20, two LAr
experiments using different fluxes. The DUNE predic-
tion is significantly larger resulting from higher average
antineutrino energies. We see this variable fairly insen-
sitive to the axial mass, even using the more energetic
DUNE flux. The main result of the varied axial masses
is a small enhancement of the cross section in the mid Q2
region.
Typically, the lepton will receive a large fraction of the
energy budget of the process due to the low Q2 domi-
nance shown in figures 6-10 and the lack of dissipation
due to nuclear effects. As a result the lepton will typically
travel furthest in a detector, depending on its kinetic en-
ergy. Figure 21 shows the differential cross section with
respect to µ+ kinetic energies using the NuSTORM flux
on an argon target. A significant change results from
varying the axial mass, however figure 21 suggests less
sensitivity in the shape. To study the shape effects more
closely, we redraw the same distributions, all normalised
to 1 in figure 22 displaying a small change in the position
of the modal kinetic energy.
The distribution of opening angles between the hy-
peron and muon in Λ events using the BNB neutrino
mode flux and the NOMAD flux are presented in figures
23 and 24. The effect of final state interactions is seen
through a broadening of the distribution; there is a sig-
nificantly greater chance of the opening angle exceeding
90 degrees. The effect of varying the axial mass is small,
producing a very slight change in the probability of ob-
serving a smaller opening angle, below approximately 50
degrees.
A related variable is the scattering angle of the µ+,
shown for the NOvA flux in figure 25 and the BNB flux
in figure 26. The more energetic flux from NOvA pref-
erentially produces leptons at very small angles in com-
parison to the BNB, the result of the sharpening of the
Q2 curve as the neutrino energy increases.
An important feature in identifying events of this type
from background is the displacement between the pri-
mary vertex and the hyperon decay in relation to the
spatial resolution of the detector. The decay length λ
of the hyperon depends on the lifetime τ and the 3 mo-
mentum |p| through λ = τ |p|/MY . Figures 27 and 28
show the distribution of Λ momenta produced using the
BNB FHC and NOMAD fluxes, the least energetic and
most energetic fluxes studied. Comparison of these dis-
tributions shows the maximum hyperon momentum only
increases by a third whilst the typical neutrino energy
has been changed by over an order of magnitude. The
position of the peak of the distribution does not change
either. Final state interactions have the effect of shifting
this peak to lower values, which can be understood as
the hyperon dissipating kinetic energy in the nucleus as
it escapes. The shape of this distribution is sensitive to
FSI, with little enhancement seen below the peak of this
distribution, however there is an increase beyond it, most
noticeably in the NOMAD case.
The NuSTORM beam differs from existing neutrino
beams in that neutrinos are primarily generated from de-
caying muons stored in an accelerator, with the potential
to reduce neutrino flux uncertainties to . 1%[31], benefi-
cial for the study of subtle effects such as SCC. We show
the effect of second class current and SU(3) symmetry
breaking on the lepton kinetic energy distribution in fig-
ure 29. There is a very small increase in the cross section,
on the order of a few percent, which persists after final
state interactions.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI























 + X+µ + Λ → + Ar µν
FIG. 19. Differential cross section with respect to Q2 using
the BNB neutrino mode flux on argon.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI























 + X+µ + Λ → + Ar µν
FIG. 20. Differential cross section per nucleon with respect
to Q2 using the DUNE flux on argon.
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σd  + X+µ + Λ → + C µν
FIG. 21. Differential cross section with respect to the muon
kinetic energy using the NuSTORM flux on carbon.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI
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 + X+µ + Λ → + C µν
FIG. 22. Shape of the differential cross section with respect to
the muon kinetic energy using the NuSTORM flux on carbon.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI














 + X+µ + Λ → + Ar µν
FIG. 23. Distribution of opening angles between the µ+ and
Λ produced using the BNB neutrino mode flux on argon.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI












 + X+µ + Λ → + C µν
FIG. 24. Distribution of opening angles between the µ+ and
Λ produced using the NOMAD flux on carbon.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI
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/dσd
 + X+µ + Λ → + C µν
FIG. 25. Differential cross section with respect to lepton scat-
tering angle using the NOvA neutrino mode flux on carbon.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI
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 + X+µ + Λ → + Ar µν
FIG. 26. Differential cross section with respect to lepton scat-
tering angle using the BNB neutrino mode flux on argon.
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 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI





















 + X+µ + Λ → + Ar µν
FIG. 27. Differential cross section with respect to the Λ mo-
mentum produced using the BNB neutrino mode flux.
 = 0.8 GeVAM  = 1.0 GeVAM  = 1.2 GeVAM
with FSI with FSI with FSI





















 + X+µ + Λ → + C µν
FIG. 28. Differential cross section with respect to the Λ mo-
mentum produced using the NOMAD flux.
Default  = 1
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Re g  = 1
2
Im g SU(3) V
with FSI with FSI with FSI with FSI
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σd  + X+µ + Λ → + C µν
FIG. 29. Differential cross section for ν̄µ + C→ Λ + µ+ +X
using the NuSTORM flux, including second class current and
SU(3) symmetry breaking effects.
VII. CONCLUSIONS
We have studied the properties of hyperon production
in neutrino experiments, including the effects of varia-
tions in the axial mass, SU(3) symmetry breaking, and
time reversal respecting and violating second class cur-
rents. We find the total cross sections for hyperon pro-
duction from free nucleons is sensitive to variations in
axial mass, with a relative change that increases with
neutrino energy and is largest for Λ production. The
SU(3) symmetry breaking corrections have the effect of
increasing the Λ production rate and decreasing the Σ0
rate, suggesting a comparison of these cross sections may
offer better sensitivity than separate measurements.
A nuclear cascade is used to propagate the hyperon
through the rest of the nucleus, resulting in significant
changes in contributions of individual channels to the to-
tal hyperon production cross section. The Λ production
rate receives a significant enhancement from conversion
of Σ to Λ. The SU(3) quark model predicts a ratio be-
tween the Σ− and Σ0 production rates of 1/2, which is
approximately maintained after final state interactions.
A small number of Σ+ are produced through charge ex-
change in hyperon-nucleon interactions. Hyperons are
subject to a simple test potential which often results in
their absorption into the nucleus leading to a suppression
of low Q2 interactions.
We perform cross section calculations for experiments
using realistic neutrino energy distributions and suit-
able nuclear targets, and study the effect of using dif-
ferent fluxes and axial masses on observable quantities.
Changes in axial mass are most visible in the differen-
tial cross section with respect to the kinetic energy of
the outgoing lepton and momentum of the outgoing hy-
peron, however the shape of the former distribution is
not sensitive to this parameter. Larger axial mass values
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